Calcium phosphate/poly(D,L-lactide-co-glycolide) (PLGA) nanoparticles with a diameter below 200 nm, loaded with either nucleic acids or proteins, were synthesized by a water-in-oil-in-water (W 1 /O/W 2 ) emulsion solvent evaporation technique. The particles were stabilized by polyvinyl alcohol (PVA) and had a negative charge (zeta potential À26 mV). By the addition of calcium phosphate into the inner aqueous phase of the W 1 /O/W 2 -emulsion, the encapsulation efficiency of siRNA was increased to 37%, of DNA to 52%, and of bovine serum albumin to 78%, i.e. by a factor of 3 to 10 compared to PLGA nanoparticles without calcium phosphate. Total loadings of 8 mg siRNA, 5 mg DNA and 280 mg fluorescein isothiocyanate-labelled bovine serum albumin (FITC-BSA) per mg of PLGA nanoparticles were achieved by this method. The addition of an outer layer of either chitosan or polyethyleneimine (PEI) reversed the charge of the particles (zeta potential > +30 mV) and improved the cellular uptake as well as the endosomal escape of these particles as demonstrated by confocal laser scanning microscopy. Calcium phosphate-PLGA nanoparticles loaded with DNA encoding for enhanced green fluorescent protein (eGFP-DNA) showed a good transfection efficiency for epithelial cells (HeLa). Gene silencing with HeLa cells expressing eGFP gave knockdown efficiencies of 53% for anionic nanoparticles, of 68% for chitosan-coated cationic nanoparticles, and of 89% for polyethyleneimine-coated cationic nanoparticles.
Introduction
According to the biopharmaceutical classication system, it is a challenge in modern drug delivery to administrate watersoluble, especially negatively charged (bio-)molecules to cells because they are oen unable to penetrate the cell membrane on their own and are also sensitive to enzymatic degradation, e.g. by nucleases or proteases. [1] [2] [3] Classical examples for hydrophilic drugs are nucleic acids, i.e. DNA or siRNA, for transfection, gene silencing and gene therapy, and proteins. Typically, carriers like liposomes, viruses or nanoparticles are necessary to transport such biomolecules across the cell membrane.
2,4-8
Poly(D,L-lactide-co-glycolide) (PLGA) is a biocompatible and biodegradable polymer. 9 It has been approved by the Food and Drug Administration (FDA) and is frequently used as a polymeric nanoparticulate carrier system for the delivery of biopharmaceuticals. [10] [11] [12] [13] In addition to its biocompatibility and biodegradability, PLGA possesses excellent controllable release properties. The drug release prole can be tuned by the molecular weight, the block copolymer composition, the size and the morphology of the nanoparticles.
14 Although previous reports have shown that PLGA nanoparticles are promising carriers for plasmid DNA and siRNA, it is still challenging to encapsulate hydrophilic biomolecules (especially siRNA) into a PLGA matrix by classical emulsion techniques. [15] [16] [17] Because of their high water solubility, nucleic acids and proteins tend to diffuse into the continuous aqueous phase during the emulsion process. Therefore, the encapsulation efficiency for such compounds is typically low.
18 A well-established method to increase the encapsulation efficiency of nucleic acids into polymeric matrices is to prepare polyplexes of siRNA or DNA with cationic polymers like polyethyleneimine (PEI). Alternatively, the nucleic acid can be inserted into a liposome or lipid nanoparticles, formed by surfactants like 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP). 19, 20 However, in addition to an altered and retarded release prole, many of these compounds are cytotoxic.
21-23
In contrast to polyplexes or liposomes, calcium phosphate as the inorganic part of hard tissue like bone, teeth, and tendons is known for its biocompatibility. 24, 25 In addition, calcium phosphate nanoparticles have a high affinity to nucleic acids and proteins and are efficiently taken up by cells and subsequently dissolved in lysosomes at a pH below 5.
26-32 Thus, they can be used as carriers for biomolecules 7 and synthetic molecules 8, [33] [34] [35] across the cell membrane. The aim of this study was to synthesize a drug delivery system based on calcium phosphate and PLGA nanoparticles for sensitive hydrophilic biomolecules like siRNA, DNA, and proteins with increased encapsulation efficiencies compared to classical PLGA nanoparticles (Fig. 1) . In addition, the improvement of the storability compared to "single shell" calcium phosphate nanoparticles by the incorporation into a PLGA matrix, followed by freeze-drying, was investigated.
36-38

Experimental
Materials
Poly(D,L-lactide-co-glycolide) 50 the number of base pairs in the plasmid DNA) encoding for enhanced uorescent protein (eGFP) was isolated from Escherichia coli using a Nucleobond endotoxin-free plasmid DNA kit (Macherey-Nagel, Dueren, Germany). All other chemicals were of analytical grade and used without further purication.
Instruments
For the formation of water-in-oil and water-in-oil-in-water emulsions, ultrasonication was carried out with a Hielscher UP50H instrument, sonotrode MS2, 70% amplitude, pulse 0.7, for 20 s. Scanning electron microscopy was performed with an ESEM Quanta 400 instrument with gold/palladium-sputtered samples. Dynamic light scattering and zeta potential determinations were performed with a Zetasizer nanoseries instrument (Malvern Nano-ZS, laser: l ¼ 532 nm) using the Smoluchowski approximation and taking the data from the Malvern soware without further correction. The particle size data refer to scattering intensity distributions (z-average). Confocal laser scanning microscopy was performed with a confocal laser scanning microscope (SP5 LCSM, Leica) using a 63Â water objective. The laser wavelength was 488 nm for FITC excitation (emission: 500-520 nm) and 561 nm for RFP excitation (emission: 580-600 nm For the synthesis of calcium phosphate nanoparticles carrying either anti-eGFP-siRNA or eGFP-DNA, we modied the rapid precipitation method ( Fig. 2A ) that we had reported earlier.
20,21
Aqueous solutions of calcium nitrate (6.25 mM, 105 mL) and diammonium hydrogen phosphate (3.74 mM, 105 mL) were mixed in a tube reactor with a syringe pump and pumped under continuous mixing (Vortex) either into an aqueous solution of eGFP-DNA (2.5 mg mL À1 , 40 mL) or into a solution of anti-eGFPsiRNA (3.9 mg mL À1 , 40 mL). The ow rate of both solutions was 16.6 mL s
À1
, and the residence (nucleation) time in the Yadapter (7 mm length) was 1.3 s. Aer the completed precipitation, the dispersion of the nanoparticles (core: calcium phosphate; shell: nucleic acid) was cooled on ice and used aer 5 min of incubation for the encapsulation into PLGA nanoparticles.
Synthesis of nucleic acid-loaded calcium phosphate PLGA nanoparticles
For the encapsulation of either eGFP-DNA-or siRNA-functionalized calcium phosphate nanoparticles into PLGA nanoparticles, a waterin-oil-in-water (W 1 /O/W 2 ) double emulsion solvent evaporation method was applied (Fig. 2B) . To a solution of 10 mg PLGA dissolved in 750 mL dichloromethane, 250 mL of the dispersion of calcium phosphate/nucleic acid nanoparticles was added. Then a solution of 200 mg RNase-free acetylated bovine serum albumin (BSA) in 40 mL water as dispersant was added. The mixture was ultrasonicated (sonotrode) to form the primary, milky white W 1 /O-emulsion. The W 1 /O-emulsion was then immediately poured into the continuous water phase (3 mL), containing 30 mg polyvinyl alcohol (PVA) as dispersant, and ultrasonicated again (sonotrode). Finally, the PLGA nanoparticles were precipitated aer the dichloromethane was removed under reduced pressure (200-600 mbar) in a rotary evaporator. Thereby, the calcium phosphate nanoparticles carrying siRNA or DNA were incorporated into a nanoparticulate matrix of PLGA. The excess of PVA was removed by centrifugation (30 min at 14 800 rpm), and redispersion of the particles in ultrapure water, repeated three times each. The resulting dispersion was shockfrozen in liquid nitrogen and nally lyophilized for 72 h at 0.31 mbar and À10
C. The particles were easily redispersible in water by gentle shaking. The encapsulation efficiency (EE) of the nucleic acids was calculated by eqn (1) . The content of nucleic acids in the supernatant was analysed by UV/Vis spectroscopy at 260 nm according to standard protocols aer separation of the nanoparticles by centrifugation.
EE ð%Þ ¼
BMðiÞ À BMðsÞ BMðiÞ Â 100%
EE (%): encapsulation efficiency in percent; BM(i): total amount of biomolecule added initially; BM(s): amount of biomolecule in the supernatant measured by quantitative UV/Vis spectroscopy.
Synthesis of protein-loaded calcium phosphate-PLGA nanoparticles
Calcium phosphate-FITC-BSA-PLGA nanoparticles were synthesised by a W 1 /O/W 2 emulsion solvent evaporation method ( Fig. 3) , by modication of a synthesis reported by Tang et al. 39 First, two W/O emulsions (A and B) were prepared by ultrasonication. For emulsion A, 625 mg FITC-BSA was dissolved in 125 mL of a 10 mM solution of Na 2 HPO 4 . This was dispersed in a solution of PLGA in dichloromethane (13.3 mg mL À1 , 375 mL).
For emulsion B, 625 mg FITC-BSA was dissolved in 125 mL of a 1.25 M solution of CaCl 2 . This was dispersed in a solution of PLGA in dichloromethane (13.3 mg mL À1 , 375 mL). Then, emulsions A and B were mixed by ultrasonication to form emulsion C. This W 1 /O-emulsion was then added dropwise to the continuous water phase (3 mL), containing 30 mg PVA as dispersant, and ultrasonicated again (sonotrode) to form a yellow, milky W 1 /O/W 2 -emulsion. Aer removal of dichloromethane under reduced pressure (200-600 mbar), the calcium phosphate-FITC-BSA nanoparticles were incorporated into the PLGA particle. Any excess of PVA and FITC-BSA was removed by centrifugation (30 min at 14 800 rpm), and redispersion of the particles in ultrapure water by ultrasonication (sonotrode), repeated three times. The resulting dispersion was shock-frozen in liquid nitrogen and nally lyophilised for 72 h at 0.31 mbar and À10 C. The particles were easily redispersible in water by gentle shaking. The encapsulation efficiency (EE) of FITC-BSA was calculated by eqn (1) as described above. The supernatants were analysed by UV/Vis spectroscopy at 460 nm aer previous calibration with dissolved FITC-BSA.
Charge reversal of anionic PLGA nanoparticles by coating with either PEI or chitosan
To enhance the cellular uptake and the endosomal escape, the surface of the negatively charged PLGA nanoparticles was coated with a cationic polyelectrolyte, i.e. either PEI or chitosan. 1.5 mg of the freeze-dried particles were resuspended in 1 mL ultrapure water and added dropwise to either an aqueous PEI solution (2 mg in 1 mL) or an aqueous chitosan solution (5 mg in 1 mL, pH adjusted to 5 with acetic acid) under continuous stirring. Aer 30 min of continuous stirring at room temperature, the dispersion was puried three times by centrifugation (30 min at 14 800 rpm), and redispersion (shaking, no ultrasonication necessary) in ultrapure water. For cell culture experiments, the particles were nally redispersed in the cell culture medium used.
Cell culture experiments
HeLa and HeLa-eGFP cells (genetically modied HeLa cells that express enhanced green uorescent protein, eGFP) were cultivated in Dulbecco's modied Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), 100 U mL À1 penicillin, and 100 U mL À1 streptomycin at 37 C under 5% CO 2
atmosphere. 12 h before the addition of the nanoparticles, the cells were trypsinized and seeded in 24-well plates with a density of either 2. ) and then added to the required cell culture medium, giving a nal MTT concentration of 1 mg mL À1 . The cell culture medium of transfected cells was replaced by the MTT medium (300 mL) and incubated for 90 min at 37 C under 5% CO 2 in humidied atmosphere. Then, the MTT medium was removed and the blue precipitate was dissolved in DMSO (300 mL, each well) and incubated for 30 min. Finally, 100 mL of each well were taken for spectroscopic analysis at l ¼ 570 nm. The absorption of cells treated with nanoparticles was normalized to that of the control (untreated cells).
Cell uptake studies
For co-localization experiments, HeLa cells were seeded in 8-well plates (Lab-Tek) and cultivated for 24 h. Then, HeLa cells were transfected with 50 ng of lysosomal-associated membrane protein 1 (Lamp1)-RFP plasmid-DNA and 0.3 mL Lipofectamine 2000 (Life technologies) according to the manufacturer's instructions. Aer 4 h, the cell culture medium was changed, and the cells were washed for several times with PBS. Aer additional 16 h, cells were treated with the nanoparticle dispersion (20 mL, 1 mg nanoparticles per mL) and examined with a confocal laser scanning microscope at different time points as described earlier.
40
Transfection of HeLa cells with either anti-eGFP-siRNA or eGFP-DNA functionalized calcium phosphate-PLGA nanoparticles
The transfection was carried out according to our protocols reported earlier. 30, 36, 41 Before the transfection, the cell culture medium was replaced by the nanoparticles redispersed in fresh
h, the transfection medium was replaced by fresh cell culture medium. As control, the cells were transfected with Lipofectamine 2000 as recommended by the manufacturer. In brief, 50 mL of FCS-free DMEM were mixed with 1 mL Lipofectamine 2000 and incubated for 5 min at room temperature. Either eGFP-siRNA (20 pmol, 0.28 mg) or eGFP-DNA (1 mg) were added to 50 mL of FCS-free DMEM. Then, both solutions were mixed and incubated for 20 min before 100 mL of this solution and additionally 400 mL of DMEM were added to each well. Aer incubation for 7 h, the transfection medium was replaced by fresh cell culture medium. The transfection efficiency and the efficiency of the gene silencing were measured 72 h aer the addition of the nanoparticles by light and uorescence microscopy.
The transfection efficiency of the experiments with eGFP-DNA-functionalized calcium phosphate-PLGA nanoparticles was calculated by the ratio of green uorescing cells to the total number of cells. The efficiency of the gene silencing experiments with eGFP-siRNA-functionalized calcium phosphate-PLGA nanoparticles was calculated as reported earlier: 
Results and discussion
The size and surface charge of a drug carrier are crucial parameters for its ability to cross the cellular membrane by endocytosis. [42] [43] [44] Thus, the aim of this study was to synthesize a carrier system in the size range below 300 nm with high encapsulation efficiencies for hydrophilic biologicals. With the classical W 1 /O/W 2 -emulsion solvent evaporation technique, anionic low molecular weight compounds (e.g., siRNA) easily escape from the inner aqueous phase (W 1 ) into the outer water phase (W 2 ) due to their hydrophilicity, low molecular weight, and to the electrostatic repulsion of the phosphate backbone and the carboxylic acid end groups of the polymer. 18 Therefore, we modied the classical W 1 /O/W 2 -emulsion solvent evaporation technique and took advantage of the high adsorption capacity of calcium phosphate nanoparticles for anionic, hydrophilic compounds and encapsulated the biomolecule functionalized calcium phosphate nanoparticles into the polymeric PLGA matrix (Fig. 2) .
First of all, calcium phosphate nanoparticles were synthesized with a rapid precipitation method. As indicated by our previous work, the nucleic acids adsorb on the surface of the calcium phosphate nanoparticles. Hence, crystal growth is inhibited and the calcium phosphate nanoparticles are electrostatically stabilized. In this case, DNA or siRNA act both as pharmaceutical active ingredient and as stabilizing agent that protects the dispersion from aggregation.
To protect the outer shell of DNA or siRNA from degrading enzymes like DNases or RNases and to provide a sustained release prole to the particles, the calcium phosphate-DNA or calcium phosphate-siRNA nanoparticles were then encapsulated into a matrix of PLGA (Fig. 2) . The aqueous calcium phosphate-DNA or calcium phosphate-siRNA dispersion was used as the inner aqueous phase (W 1 ) in the emulsion process. The polymer was dissolved in dichloromethane (O). Sonication led to the primary W 1 /O emulsion with ne water droplets (containing the calcium phosphate nanoparticles) in the oil phase. Addition to the continuous water phase (PVA in water) and subsequent sonication led to a stable W 1 /O/W 2 -emulsion. Evaporation of the organic solvent under reduced pressure yielded an almost transparent dispersion. The resulting nanoparticles could be freeze-dried without the addition of any cryoprotectant. This is a major advantage compared to previously reported calcium phosphate nanoparticles, which lack of a good storability without the addition of high amounts of cryoprotectants.
36,38,41,45-49
For the functionalization with biomolecules that adsorb to calcium phosphate nanoparticles but do not colloidally stabilize them (e.g., proteins like FITC-BSA), calcium phosphate was precipitated during the emulsion process in the primary W 1 /O-emulsion (Fig. 3) .
According to Landfester et al., it is possible to precipitate inorganic salts in the inner aqueous droplets of the primary emulsion.
50,51 Thus, we prepared two W 1 /O-emulsions in the rst step (Fig. 3) . Emulsion A contained the phosphate salt solution, and the biomolecules in the inner water droplets and PLGA were dissolved in the organic phase. Emulsion B contained the calcium salt solution in the inner aqueous phase and also PLGA dissolved in the organic phase. Mixing both emulsions under sonication led to the precipitation of calcium phosphate in the inner water droplets. Addition of the combined W 1 /O-emulsions into the continuous water phase (PVA in water) and sonication led to a stable W 1 /O/W 2 -emulsion. Evaporation of the organic solvent under reduced pressure gave an almost transparent, yellow dispersion. With this method, crystal growth was limited by the small volume of the water droplet serving as a microreactor in the organic solvent. We believe that BSA acts as a surfactant stabilizing the primary W 1 /O-emulsion and thus dening the volume of the microreactors. Without the addition of BSA, large aggregates of calcium phosphate precipitated during the emulsion process. Dynamic light scattering showed particles with an average size of 190 nm and a zeta potential of À24 mV. Scanning electron micrographs showed spherical particles with an average size of 105 AE 18 nm (Fig. 4A and C) . Dynamic light scattering of the nucleic acid-loaded PLGA nanoparticles showed a dispersion with an average particle size of 200 nm and a zeta potential of À24 mV (Fig. 4B and D) . The calcium phosphate-PLGA nanoparticles contained 5% calcium phosphate as determined by atomic absorption spectroscopy (computed from the content of calcium and assuming the stoichiometry of hydroxyapatite; Ca 5 (PO 4 ) 3 OH).
To enhance the cellular uptake of the calcium phosphate-PLGA nanoparticles, the surface charge can be reversed by layerby-layer deposition of cationic polymers like chitosan or PEI. Furthermore, these polymers are capable to induce the proton sponge effect. 52 This leads to an enhanced endosomal escape of the nanoparticles and an increased therapeutic efficiency. As shown by zeta potential measurements, the surface charge of the calcium phosphate-PLGA nanoparticles was easily reversed by layer-by-layer deposition of chitosan from about À24 mV to +50 mV (chitosan) or to +31 mV (PEI) (Fig. 4D) .
Especially for expensive biopharmaceutical ingredients like antibodies, siRNA or DNA, the encapsulation efficiency of a drug carrier is an important factor in galenics. By the addition of calcium phosphate nanoparticles during the emulsion process, the encapsulation efficiency of the hydrophobic polymer PLGA could be optimized to 37% for siRNA, 52% for pDNA and 78% for FITC-BSA (Fig. 5) with total loadings of 8 mg siRNA, 5 mg pDNA and 280 mg FITC-BSA per mg of PLGA nanoparticles. These total loadings correspond to 1880 molecules FITC-BSA, 250 molecules siRNA, and 0.6 molecules pDNA per nanoparticle. Although these numbers seem to be low, especially for nucleic acids, the total loadings are high compared to previously reported PLGA nanoparticles with total loadings of 0.7 mg to 10 mg per mg of PLGA nanoparticles.
10,18
The number of nanoparticles were calculated by taking the concentration of calcium phosphate-PLGA nanoparticles in the dispersion and assuming spherical nanoparticles with a diameter of 100 nm (eqn (3)). The number of biomolecules in the dispersion and per nanoparticle was determined by eqn (4) and (5), respectively. 
Incubation of HeLa cells expressing the lysosomal marker protein Lamp1-RFP with calcium phosphate-FITC-BSA-PLGA nanoparticles and co-localisation analyses demonstrated that the nanoparticles were efficiently taken up by the cells. As shown in Fig. 6 , nanoparticles with a negative surface charge had a low affinity to the cell membrane and were taken up only moderately, while nanoparticles with a positive surface charge (chitosan-or PEI-functionalized nanoparticles) covered the cell membrane aer 1 h of incubation due to electrostatic interactions of the negatively charged cell membrane and the cationic surface of the nanoparticles. In addition, the majority of the negatively charged calcium phosphate-FITC-BSA-PLGA nanoparticles ended up in the endo-/lysosome as shown by the co-localisation of Lamp1-RFP and the green uorescence of FITC-BSA (yellow uorescence by overlay of green and red). In contrast, chitosan-and PEIfunctionalized calcium phosphate-FITC-BSA-PLGA nanoparticles (positive surface charge) induced the proton sponge effect and escaped the endosome as shown by the diffuse green uorescence in the cytosol aer 3 h of incubation (no co-localisation with Lamp1-RFP).
Calcium phosphate-PLGA nanoparticles loaded with eGFPencoding plasmid DNA (eGFP-DNA) showed only a moderate transfection efficiency in HeLa cells (8 AE 2%). However, in comparison to the liposomal transfection agent Lipofectamine 2000 which showed a transfection efficiency of 57%, the viability of the cells aer the transfection was very high (85 AE 4% in comparison to 26 AE 14%, Fig. 7 ).
23
Calcium phosphate-PLGA nanoparticles functionalized with eGFP-siRNA efficiently silenced the eGFP-expression in eGFPexpressing HeLa cells. Anionic calcium phosphate-PLGA nanoparticles showed a knockdown efficiency of 53%, which is comparable to anionic triple shell nanoparticles (calcium phosphate/siRNA/calcium phosphate/siRNA) or anionic calcium phosphate/siRNA nanoparticles coated with a conjugate of 3,4-dihydroxy-L-phenylalanine (dopa) and hyaluronic acid described earlier. 38, 53 The cationic calcium phosphate-PLGA-siRNA nanoparticles coated with either chitosan or PEI showed knockdown efficiencies of 68% and 89%, respectively ( Fig. 8 and 9 ). In accordance to the transfection experiments, the vitality of the cells aer the treatment with calcium phosphate-PLGA nanoparticles was twice as high in comparison to liposomal transfection agents such as Lipofectamine. The cationic calcium phosphate-PLGA-siRNA nanoparticles coated with either chitosan or PEI showed only moderate cytotoxic effects, although PEI is known for its high cytotoxicity.
21,54
We have tried to determine the release rate of a labelled oligonucleotide from calcium phosphate-PLGA nanoparticles by UV spectroscopy. However, this turned out to be impossible.
At the physiological pH 7.4 at 37 C, there was no release of the oligonucleotide during one week, probably because the degradation of PLGA was very slow and the diffusion of the oligonucleotide was prevented. The calcium phosphate nanoparticles also do not dissolve at a pH 7.4. This is advantageous for a later in vivo drug release application because the drug does not leach out of the nanoparticles during circulation. Aer crossing the cell membrane, the particles will end up rst in an endosome and then in a lysosome at a pH around 4.
31,55 Therefore, the delivery will occur aer dissolution of the nanoparticle at a low pH. In this case, calcium phosphate will dissolve and PLGA will slowly degraded by acid, but also by nucleases.
9
Under the given precipitation conditions, calcium phosphate nanoparticles are spherical with a diameter of about 50-100 nm. They are typically X-ray amorphous but show domains of hydroxyapatite in the transmission electron microscope, with indications for carbonate inclusion. 56 As they are prepared around neutral pH, they probably consist of calcium-decient hydroxyapatite (CDHA). 24, 57 In the case of nanoparticles, the dissolution rate at a pH of 4 as encountered in the lysosome should not be signicantly affected by the stoichiometry.
58,59
The lysosomal degradation was impossible to replicate in this case. The immersion of the calcium phosphate-PLGA nanoparticles in buffer at pH4 led to agglomeration because the colloidal stability was lost and the particles agglomerated. This will not occur in the lysosome, as the particles will be taken up individually, but it constrains the experimental release study. However, the fact that we observe a successful transfection and gene silencing proves that the nucleic acids are released into the cytoplasm aer cellular uptake without harmful degradation.
Conclusions
We have shown that the encapsulation efficiency of hydrophilic and anionic biomolecules such as siRNA, plasmid DNA, and FITC-BSA into PLGA nanoparticles can be strongly increased by the addition of calcium phosphate nanoparticles into the inner aqueous phase (W 1 ) during a classic W 1 /O/W 2 emulsion solvent evaporation synthesis. DNA or siRNA interact with the surface of the calcium phosphate nanoparticles and act both as pharmaceutical active ingredient and as a stabilizing agent. The additional PLGA matrix protects the outer shell of DNA or siRNA from degrading enzymes like nucleases and proteases and provides the particles with a good storability in freeze-dried form, without the necessity of a cryoprotectant. A special challenge during this synthesis route was to obtain nanoparticles with a diameter below 200 nm. Therefore, it was necessary to add acetylated BSA into the inner aqueous phase (W 1 ) to stabilize the primary W 1 /O emulsion. To enhance the cellular uptake of anionic calcium phosphate-PLGA nanoparticles, the surface of these particles was coated with cationic polymers such as chitosan and PEI.
As shown by confocal laser scanning microscopy and coexpression of the endosomal marker protein Lamp1-RFP, the nanoparticles are very efficiently taken up by endocytosis. Chitosan-and PEI-coated nanoparticles have a strong affinity to the anionic cellular membrane, induce the proton sponge effect and escape the endosome. In addition, transfection and gene silencing experiments showed that sensitive biomolecules like siRNA and DNA can be encapsulated inside PLGA nanoparticles by the addition of calcium phosphate, and efficiently delivered across the cell membrane. Furthermore, the cytotoxicity of calcium phosphate-PLGA nanoparticles is low in comparison to liposomal transfection agents. Thus, calcium phosphate-PLGA nanoparticles represent a very promising delivery system for hydrophilic anionic drugs, e.g. for nucleic acids in gene therapy, because of their good biocompatibility and high encapsulation efficiency.
